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SUMMARY

A study of two jet-noise-suppression devices consisting of teeth
projeecting into the jebt stream was conducted on a current axial-flow
turbojet engine. The sound fields obtalned with the toothed devices
showed a slight reduction in maximm sound pressure level (2 db), com-
pared with the sound field from a standard nozzle. The sound fields
of the toothed devices were very similar and (when compared with a
standard nozzle) showed & reduction of sound pressure level downstream
of the Jet with increased levels on the front and side. The total
radiated power from the toothed and standard nozzles was very nearly
the same (£1 db). Because of the small reduction in maximum sound
pressure level and because the total radiated power in all cases was
nesrly the same, it was concluded that the toothed devices investigated
do not represent a satisfactory solution to the jet-noise problem.

INTRODUCTION

The noise of ailrcraft operations near densely populated residential
areas has become a matter of great concern in recent years, principally
because of the large increase in engine power in the last decade, a&long
with increased airecreft operations and the genersl movement of the popu-
lation to suburban areas where alrports are usually located. Because
of the protest against aircraft nolse, airline operators have greatly
altered thelr f£light patterns into and out of various airports. Such
measures are ab best temporary, and efforts are being made to reduce
the noise at its source. Noise reduction of the reciproceting engine
and propeller has been the subject of conslderable research, and methods
of nolse alleviatlion are suggested in references 1 to 6.

The future operation of jet-propelled transports will present an
even more severe noise problem. Jet-engine noises can be categorized
generally as (1) internal noises created inside the engine and propagated
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outward through the inlet and the tail pipe, and (2) external noilses re-
sulting from the mixing of the Jet with the surrounding atmosphere. In-
ternal noises, in general, result from flow instaebilities and turbulence
in the compressor, the combustors, or the turbine. An example of such

noises 1s compressor whine.

External noises caused by the jet are assoclated with two separate
regimes (ref. 7): a subsonic or transonic turbulent mixing regime where
no severe shocks exlst, and a supersonic overchoked regime wherein the
nolse results from both turbulent mixing and shock waves. The noise levels
are much higher in the supersonic than in the subsonic region, as would be
expected, since the passage of turbulence through shock waves results in
increased noise levels (ref. 8). Fortunately, with respect to the jet-
transport problem, the engine pressure ratios of current and contemplated
turbojet engines are not sufficiently high to produce severe shock waves
at static sea-level and take~off thrust—conditions. In flight at high
speeds, such conditions will exist, but as yet insufficient information
is available to judge their effects on cabin noise levels.
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The genersal theory of nolse crested serodynemically 1s presented in
reference 9., From this general theory has resulted the approximste rela-
tion that the total acoustic power radlated from a source (Jet) varies
approximately as the eighth power of the Jet velocity and the square of
the jet dlameter. The limited experimental evidence to date (refs. 7, 10,
and 11) in general supports this result, but there has been as yet no .
definitive experimental work that can be tsken as complete confirmation.

The Ilnvestigatlion reported herein was conducted at the NACA Lewls .
laboratory and represents s preliminary portion of a large program of
study of Jet nolse and means for its suppression. This report describes
the resulis obtained on two full-scale nolse-suppression devices sug-
gested by the research of Westley and Lilley (ref. 7). The results pre-
sented are concerned with measurements of the sound field in the vicin-
ity of the engine. No attempt is made to assess the possible effects
on engine performance of the noise-suppression devices.

BRITISH INVESTIGATIONS

The initial research on the Jet noise problem was conducted by the
British. An investigation of Jet nolse and methods for 1ts reduction was
undertaken by Westley and Lilley (ref. 7) with & model jet (l-in. diam.),
and a brief investigation of full-scale engines was made by Greatrex
(ref. 10). Both investigations showed that toothed devices projecting
into the jet stresm may offer a means of reducing the sound pressure level
downstresm of the jet. The results given by Greatrex (ref. 10) for several .
Jet englnes with production teill pipes are included in figure 1 where the
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over-all sound pressure level is plotted as a function of the Jet veloe~
ity. These data were obtained at a position 30° from the jet axis
(downstream of the jet exit) and 60 feet from the engine exit nozzle.

The upper curve is for both an Avon engine and a 9000-pound thrust en-
gine; the bottom curve is for a Derwent engine. A single point is also
shown for a Nene engine. The increase in sound pressure level with veloc-
ity shown in figure 1 corresponds to an increase in sound pressure as the
fourth power of the Jet velocity. Since the sound power varies as the
square of the sound pressure, the variation of sound pressure level with
velocity (fig. 1) corresponds to an eighth-power relation of velocity to
sound power. The results shown are therefore in good agreement with the
values predicted in reference 9.

The separation of the deta into separste curves 1s due somewhat to
vhe nozzle-diameter variation among the varlous engines; that is, over-
all sound pressure varies directly with exit diameter (ref. 11). The
nozzle-diameter variation, however, accounts for only sbout 2 decibels
of the total spread of 7 deeibels. The apparently unacecountable remain-
ing variaetion of a2bout 5 decibels may be due to a difference in measuring
techniques but is more likely due to the difference in initial turbulence

of the various jets (ref. 11).

Although the available data on Jjet nolse are quite limited, it is
interesting to compare the results for the full-scale Derwent engine
(exit diam., 16 in.) with the results for a l-inch-dlameter model jet
glven in reference 7. The data of reference 7 show that at a total-
to-static-pressure ratio of 1.9, an angle 30° from the Jjet axis, and
a distance of 60 feet from the jet exit, the over-all sound pressure
level 1s approximetely 89 decibels, If it is assumed that the Jet total
temperature was 80° F (these were cold-air tests), then the jet veloeity
corresponding to this pressure ratio and temperature is 1040 feet per
second. The correction for diameter varlation glven theoretically by
Iighthill (ref. 9) end confirmed experimentally by reference 11 indicates
that the over-all sound pressure varies directly with the diameter, that
is, the sound power varies as the square of the diameter. A correction
of 24 decibels must be added to the model test results (l-in. diam.) %o
make them comparsble to the Derwent englne data of figure 1. The model
test data, corrected to a diesmeter of 16 inches at 1040 feet per second
(113 db), falls just below the Derwent curve as indicated on figure 1.
The agreement is remarkaeble considering the widely different conditions
between the two investigations. In view of the good agreement between
the englne and model data, 1t may be tentatively hypothesized that the
principal source of Jjet-engine nolse 1s the external noise resulting from
the turbulent mixing of the Jet with the surrounding medium. Additional
evidence in support of this hypothesis can be obtained from reference 10,
which reports experiments on the same engine with and without afterburning.
The gzimuth angle and distance for these tests are not availlable, but the
Agta for both afterburning and nonafterburning operation yleld a single
curve of sound pressure level as a function of velocity (fig. 1). This
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curve falls between and has the same slope as the Derwent and Avon curves.
The limited information to date therefore indicates that the principal
ncise source is jet mixing, and hence to chasnge the noise source the tur-
bulent mixing process itself muest-be changed. This means in realit; thet
the jet velocity, velocity distribution, or jet spreading characteristics
mist be altered to obtain changes in the sound field. At the present
time, the relative importamceof each of these parameters can be deter-
mined by experiment only. Preliminary work slong this line was con-
ducted by Westley and Lilley (ref. 7); & number of toothed devices pro-
Jecting into the jet stream for the purpose of. refucing the rate of shear
were studied, and several configurastions were obtained whlch reduced the
over-all noise level along the azimuth line of maximum sound pressure
level (30° from the jet axis).

A limited investigation of some of these toothed devices on an en-
gine installation is reported in reference 10, but agsin, as for refer-
ence 7, the entire sound field is not given. It is the purpose of-this
report to present prelimlnary measurements of the sound fleld around a
full~scale engine fitted with the two most promising devices reported in
reference 7.

AFPARATUS AND PROCEDURE

The engine used in this investigation was mounted beneath the wing
of a C-82 sircraft as shown in figure 2. The area where the tests were
conducted is unobstructed rearward and to the sides of-the jet for over
1/2 mile. The nearest reflecting surface other than the aircraft surfaces
was located approximately 600 feet in front of the asircraft. Measurements
of the over-all sound pressure level were made approximately 6 feet above
ground. level at 15° intervals from the jet axls and st distances from the
Jet exit of 50, 100, and 200 feet as shown in figure 3. Sound-pressure-
level measurements were mede with both & General Radic Company Type 1555-A
Sound-Survey Meter and a Type 1551~A Scund-Level Meter; both instruments
were carefully calibrated against & reference socund generator. The sound
pressure level measured by these meters is referred to the standard refer-
ence pressure of 0.0002 dyne per square centimeter. The mlcrophones of
both sound meters were shielded by a windscreen to reduce wind noise.

The Jjet engine used in thils investigetion was a current l2-stage
axlael-flow engline with a rated sea-level static thrust of 5000 pounds at
an engine speed of 7950 rpm and a turbine-outlet temperature of 690° C.
The engine was operated without a tall pipe because the blocking effect
of the toothed devices provided sufficient restriction of the exlt area
to obtain rated tail-pipe temperature at rated engine speed. In order
to obtain comparative data from a nozzle without teeth, it was necessary
tc clamp & nozzle ring with trim tebs to the tailcone as shown in fig-
ure 4. This instaellation permitted operation of the engine at rated
tail-pipe temperature and engine speed @nd. is hereingfter referred to
as the standard nozzle.
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The two sets of toothed devices investigated (fig. 5) are scaled-up
versions of those given in retrerence 7. The noise~suppression device
shown in figure 5(a) consists of six teeth, each 1/4 exit diameter on a
side. Alternate teeth project into the jet at an angle of 30° to the
Jet axis, and the remsining teeth are parallel to the jet. The other
toothed device investigated (fig. 5(b)) consists of 12 rectangular
teeth. Six alternate teeth, 3/8 diameter long and 1/8 dismeter wide,
project into the jet alt an angle of 20°. The remaining teeth, 1/4
diemeter long by 1/8 diameter wide, are parallel to the Jet.

The sound fleld was surveyed by obtaining measurements of sound
pressure level at each of the stetions shown in flgure 3 at constant
values of tail-pipe temperature and engine speed. These measurements
required epproximstely 7 minutes. The sound field was surveyed with the
standard nozzle at 80, 90, and 100 percent of rated engine speed and
with the toothed nozzles at only rated engine speed and reted tail-pipe
temperature.

RESULTS AND DISCUSSION

Although the field in which the ailrcraft test bed 1s located is
unobstructed, the aircraft itself represents a gerious cobstacle in the
sound field. The results presented can at least be Jjudged on a compara-
tive basis, and becguse of the engine location on the alrecraft, the sound
fleld rearward should not be very different from that obtained with an
engine alone. For purposes of comparing the various nozzles, the test
setup should be adequate and the comparative answers valid.

Measurements along the variocus azimuth lines were plotted as a func-
tion of the distance from the Jet exit, and it was found that the sound
pressure level varied in accordance with the inverse square law for free-
field measurements. At the closest point (50 ft) from the jet, the sound
pressure levels were generally 1 to 2 decibels above the theoretical
curve, indicating that at points closer to the Jet considereble devia-
tions Trom the square lew might be obtained. In the present investiga-
tion no near-field measurements were made. At constant jJet veloecity,
equal sound pressure levels were obtained with and without the exit area
trimmers shown in figure 4.

The varietion of sound pressure level, with the standard nozzle, as
a function of jet velocity for the 30° azimuth line at a distance 60 feet
from the jet exit is shown in figure 1. The sound pressure level gt a
distance of 60 feet was obtained from the plots of sound pressure level
against distance as previously described. The data cobtained are in good
agreement with those presented in reference 10. The slope of the curve
is the same as for the other engines presented, and the curve falls Just
slightly ebove the curve for the Derwent engine and considerably below
that for the Avon engine as would be expected from a comparison of the
static thrust of the three engines.
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The sound pressure flelds for both the standard nozzle and the six-
toothed nozzle at rated engine speed and rated tail-pipe temperature sre
shown in figure 6(a). As a matter of record, the meteorological condi-
tione for each sound survey were recorded and are presented in figure 6.
No significant trends with wlnd velocity were apparent in the datsa, prob-
ably because no tests were made at wind velocities higher than 16 miles
per hour. These data have been corrected to a distance of 100 dismeters
from the jet nozzle by using the previously described curves of sound
pressure level ageinst distance (100 diemeters 1s a standard distance pro-
posed for presentation of Jet sound pressure data). This method of
plotting such deste was developed in referencé 11 wherein it was shown
that sound pressure varies directly with diameter and inversely with dis-
tance. The resulis presented for the standard nozzle (fig. 6) show that
the highest noise level is obtained at an azimuth angle between 30° and
400 from the Jet exies downstream of the jet exit. The effect of the six-
toothed nozzle is to move the point of maximm intensity to an azimuth
angle of spproximately 60° and to lower the meximum value by approximately
2 decibels. A comparison of the two curves shows that the toothed nozzle
lowers the noise level downstreem of the Jet but increases it on the sides
end front such that the total radiated power (assuming the sound field
symmetrical sbout the jet center line) from both nozzles is within 1
decibel.

Rotational symmetry of the sound fleld gbout the jet axis was Iinves-
tigated by rotating the six-toothed nozzle two 30° increments. The data
obtained in the two rotated positions yielded curves identical to that
of figure 6.

The results obtained wlth the l12-toothed nozzle are shown in figure
6(b) with the standard nozzle given as a reference. The results obtained
are very similar to those previously discussed for the six-toothed nozzle.
The_point of maximum nolse intensity occurs at an azimuth angle of approxi-
imately 60°. The meximum noise level with a toothed nozzle is spproa-
imately 2 decibels less than the maximum noise level with the standard
nozzle; sgain, as for the six-toothed nozzle, the noise level downstream
of the jet is decreased but is increased on the froni and sides such
that the total noise power radiated is withlin 1 declbel of that radlated
from the standard nozzle.

The shifting of the sound field by means of teeth alleviates the
nolse problem rearward but causes no appreclable changes in the maximum
noise level during tske-off s shown in figure 7. The nolse level at a
point on the ground caused by the standerd and six-toothed nozzles has
been calculated from the results presented in figure 6 for a single jet
pessing directly overhead at sn altitude of 200 feet, a veloclty of 300
feet per second, snd NACA standard conditions. The origin of the time
scale (t=0) corresponds to & sound pressure level at the observer (csused
by the standard nozzle) which is 10 decibels above typical alrport back-
ground level (67.5 db). For both cases shown, the sound pressure level in-
cregses rapidly with time to the maximum value. The maximum noise levels
in both cases are almost 1dentical, and even though the noilse from the
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toothed nozzles falls off more rapidly than the noise from the standard
nozzle, it is questionsble whether any real gein in reducing the nuisance
value has been achieved.

From the results presented in figures 6 and 7, it is apparent thet
the noise reduction obtainsble with toothed nozzles 18 quite small. The
results given in reference 10 are somewhat deceiving because data are
presented at the 30° azimuth angle only and it is et this point that the
greatest nolse reduction due to teeth is obtained. This reduction is
primarily due to the shifting of the maximum sound level to the 80°
azimith line.

The preliminary data obtained in the present investigation show
that the nolse suppression obtainable with the toothed devices studied
is small st best. Since the over-all radiated power is nearly the same
wlth both the toothed and standard nozzles, it would appear thet toothed
nozzles are not a satisfactory solution to the jet-noise problem.

SUMMARY OF RESULTS

As 8 preliminary portion of a program for studying Jet noise and
its suppression, two configurations of noise-suppression devices sug-
gested by the research of Westley and Lilley were tested on & current
axial-flow turbojet engine. The results showed that & slight reduction
(2 @b) in meximum noise level wes obtalned with the toothed nozzles in-
vestigated. The sound fields obtained with both toothed devices were
very similsr end when compared with a standsrd nozzle showed & decrease
in sound pressure level downstream of the Jet with increased levels on
the side and front. The total rediated power from both toothed-nozzle
configurations was within 1 decibel of the standasrd nozzle. It was -con-
cluded, therefore, that no appreciable reduction in over-all nuisance
value was obtalnsble with the toothed nozzles investigated, and it would
gppear that the teeth do not represent a satisfactory solution to the

Jet-nolse problem.

Lewie Flight Propulslon Ieboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, February 1l, 1954
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Figure 1. - Variatlon of over-gll sound pressure level as a function of Jet

velocity for several different Jet engines at a position 30° from the jet
axis (downstream of jet exit)} and 80 feet from jet exit. (The azimth
angle and distance are not availsble for the afterburning and nonafter-
burning operation.)
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(a) Six-%toothed nozzle. Bach tooth 1/4 exit dlameter on a side; three teeth projecting
into Jet stream at 30°, three teeth perallel to Jet stream.

=

(b) Twelve-toothed nozzle. Six teeth 1/8 diameter wide and 3/8 dlameter long projecting
into jet stream at & 300 angls, six teeth 1/8 diemeter wide and 1/4 diameter long paral-

lel to Jlet stream.
Figure 5. - Toothed nozzles wlth large prolections into Jet stream.



14 NACA RM ES4BOl

Nozzle Wind Wind Weather
veloclity, direction
mph
O Standard 8 to 10 N Scattered clouds
O S8tarndard 8 W Clear
A Standard 18 NW Clear
v Bix teeth 8 N Clear
P> B8ix teeth 4 NW Clear
2000 1-800 1600
180° ! 200°
- § i
11 ’. : 1400
KT 220°
3 -+1 : X,
) T l : .- I ]
R ey o iy,
240¢ s WY 4
1209 e e S E '
A~ Py > N\ N d - e
S NN 100 o s
TN ] ‘
S Xmmiry
ST , O
SR BT 4 74
&5 &%
260° SIS o
100° 3 et
SSZEEEN A
——— + -
= X % I E
—
2900 [
80° Z g
2 [ I
; / 5t &
a,
7 kH o
L U
i , o
o 4 N |
60 05k
; o
v 7 v
oyt T S
.“‘?“ RALT "l]‘; 4
H 3 400
1 320°
7 1]
] T
340 I 20°
o 120 (o]
20 q 340

(a) Btandard and six-tocthed noszles.
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(b) Standard and 12-toothed nozzles.

Figure 6. - Concluded. Polar diegram of noise field. Sound pressure levels are
corrected to a distance of 100 nozzle dlameters from Jet exiti.
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Figure 7. - Calculated nolse level heard by statlonary observer for

single Jet passing directly overhead at altitude of 200 feet and
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